RNase T2 family enzymes which are base non-specific and have a molecular mass of about 24 kDa, distributed widely from viruses to microbes, plants and animals.
They share two well conserved active site sequences, CAS I and CAS II. Therefore, they are a good model with which to study the evolution of RNases. In the plant kingdom, members of the RNase T2 family are classified into two classes, S-RNases which are the products of S-genes and function as self-incompatibility factors, 2) and S-like RNases.
3) The latter enzymes are known to be induced by phosphate deprivation [Jost et al., 4) Bariola et al. 5) ], in the case of senescence [Lers et al. 6) ], and exist in the seeds probably for defense [Ide et al. , 7) Rojo et al. 8, 9) ]. In terms of the evolutional change of plant RNases, knowledge is limited to those plants belonging to Dicotyledoneae, except for barley. 10) These include several plants of Solanaceae [tomato, 4, 11) and tobacco, 3, 12) petunia 13) and a kind of potato 14) ], Cucurbitaceae [bitter gourd, 7) cucumber, 8) melon 9) ], Rosacease [pear 15) ], Arabidopsis, 16) Zinnia elegance, 17) Panax ginnseng 18) and others. In this report, we will describe the amino acid sequence of an RNase from rice bran (Oryza sativa) which is a member of Monocotyledoneae, and its enzymatic properties.
MATERIALS AND METHODS
Enzymes Lysylendopeptidase and g-pyroglutamine aminopeptidase were obtained from Wako Pure Chemical Ind., Ltd. (Osaka, Japan) and Calbiochem-Novabiochem. Co., Ltd., (LaJolla, LA, U.S.A.), respectively.
Other Reagents Yeast RNA was a product of Marin Bio (Tokyo, Japan). Sixteen dinucleoside phosphates were purchased from Sigma (St. Louis, MO, U.S.A.). Phospho-cellulose and DE-52 were obtained from Whatman (Clifton, NJ, U.S.A.). A Mono Q column was obtained from Amersham Pharmcia Biotech (Buckinghamshire, England).
Enzyme Assay (i) RNA as substrate: RNase assay was carried out as described 19) with RNA as substrate at pH 5.5 and 37°C. (ii) Dinucleosidephosphates as substrate: The rates of hydrolysis of 16 dinucleoside phosphates (XpYs), where X and Y were one of A, G, C and U, were measured spectrophotometrically as described by Imazawa et al. 20) in 0.1 M sodium acetate buffer (pH 5.5) at 22°C.
Protein Concentration The protein concentration was measured spectrophotometrically assuming the absorbancy at 280 nm of a 0.1% protein solution to be 1.0.
Purification of an RNase from Rice Bran Purification of an RNase from rice bran was performed by modification of the procedure reported by Yokoyama et al. 21) Step 1. Four kilograms of rice bran (product from a strain of Oryza sativa, Koshihikari) was suspended in 12 l of 20 mM sodium phosphate buffer (pH 7.0) and extracted by vigorous stirring at 4°C. The extract was filtered through a layer of cotton sheet, and the filtrate was centrifuged at 10000 rpm for 10 min. The pH of the supernatant was adjusted to 5.0 by addition of dil. HCl. The supernatant was kept at 4°C overnight, and the precipitate formed was eliminated by centrifugation at 10000 rpm for 10 min (crude extract).
Step 2. The crude extract was fractionated by ammonium sulfate, and the precipitate formed between 0.4-0.9 saturation was collected by centrifugation. The precipitate was dissolved in 500 ml of 20 mM sodium phosphate buffer (pH 6.0) and dialyzed against the same buffer. The dialyzate was applied to a column of DE-52 (4ϫ25 cm) equilibrated with 20 mM sodium phosphate buffer (pH 6.0). The enzyme was eluted with a linear gradient of NaCl (0-0.6 M) in the same buffer.
Step 3. The RNase active fractions were pooled and concentrated using a rotary evaporator in vacuo. The concentrated RNase fraction was applied to gel-filtration on a Sephadex G-75 column (1.5ϫ170 cm) equilibrated with 20 mM sodium phosphate buffer containing 0.1 M NaCl, and RNase was eluted with the same buffer. The RNase active fractions were pooled and diluted three-fold with deionized water, then the pH of the solution was adjusted to 4.0.
Step 4. The RNase solution was applied to a phosphocellulose column (3ϫ20 cm) equilibrated with 20 mM sodium Step 5. The RNase active fractions were concentrated in vacuo to 50 ml, then dialyzed against 20 mM sodium phosphate buffer (pH 6.0). The dialyzate was further fractionated by FPLC with a Mono Q HR5/5 column equilibrated with 20 mM sodium phosphate buffer (pH 6.0) and eluted with a linear gradient of NaCl (from 0-0.3 M) in the same buffer (70 ml) at a flow rate of 1 ml/min. The RNase active fractions were collected. The Mono Q fraction was further fractionated with the same column at pH 7.5.
By these procedures, about 27 mg of homogeneous enzyme was obtained (Fig. 1) . The purification procedures are summarized in Table 1 . We use the abbreviation RNase Os for the purified RNase Os thus obtained hereafter.
SDS-Polyacrylamide Gel-Electrophoresis (SDS-PAGE) SDS-PAGE was conducted in 12.5% polyacrylamide gel according to the procedure of Laemmli.
22) The protein was stained with a silver staining kit (Daiichi Chem.,Tokyo, Japan) or Coomasie Brilliant Blue.
Prepration of Reduced and S-Carboxymethylated RNase Os (RCM RNase Os) RCM RNase Os was prepared as described by Crestfield et al. 23) RCM RNase Os was digested with lysylendopeptidase in 50 mM sodium phosphate buffer (pH 7.2) at 37°C for 3 h with an enzyme/protein ratio of 1/100 (w/w).
Separation of Peptides from Protease Digest
The peptides produced from lysylendopeptidase digestion of RCM RNase Os were separated by a reversed-phase HPLC with a column of RP-18GP (3ϫ250 mm, Kanto Kagaku, Tokyo, Japan) equilibrated with 0.1% trifluoroacetic acid with a linear gradient of acetonitrile (0-50% in 120 min). The flow rate was 0.5 ml/min.
Amino Acid Sequencing of Protein and Peptides Amino acid sequences of protein and peptides were determined by Edman degradation with an Applied Biosystems 491cLC Protein Sequencer. RCM RNase Os and a peptide obtained from the lysylendopeptidase digest, L2, were analyzed after incubation with g-pyroglutamine aminopeptidase in 50 mM phosphate buffer (pH 7.2) for 2 h at 37°C and an enzyme/protein ratio of 1/100.
Preparation of a cDNA Library of Oryza sativa From 2 g of cold-treated root of a strain of rice plant (Yukihikari), 2 mg of poly (A) ϩ RNA was isolated using TRIZOL reagent (Gibco BRL, Gaithersburg, MD, U.S.A.) and purified with Dynabeads oligo (dT) 25 (Dynal BioBiotech, Oslo, Norway). Double stranded DNA was synthesized with the Time-saver cDNA synthesis kit (Amersham). Adaptor-ligated cDNA was ligated with Lambda ZAPII vector (Stratagene, LA, CA, U.S.A.) and packaged with Gigapack Gold (Stratagene).
Preparation of a Probe for RNase Os Sequencing A probe for screening of the cDNA library was prepared from clone E11124 [Accession No. C19856]. The clone was donated by MAFF DNA BANK (Ibaragi, Japan). A probe was obtained by purifying the Sal I/Not I fragment by electrophoresis on agarose gel.
Screening of the cDNA Library The cDNA library was transfected into E. coli XL1-blue MRF (Stratagene) and screened with the Sal I/Not I fragment labeled with Alkphosdirected labeling kit (Amarsham Pharmcia Biotech.). Twelve positive clones were obtained. These clones were screened and 10 positive clones were found. One of them (clone No.
2) was inserted into pBluescript SK
Ϫ with use of Exassist helper phage (Stratagene). The clone was analyzed by the dye-terminater method of Sanger and Coulson 24) with a ABI Prism 377 DNA sequencer, and found to contain the gene encoding RNase Os.
Sequencing of the RNase Os Gene The sequencing of clone No. 2 was performed with M13rev, T7, Os1, Os2 and Os3 as primers (Table 3) .
RESULTS

Purification of Rice Bran RNase Os
A rice bran RNase Os was purified as described in the Methods to a homogeneous state as judged from SDS-PAGE (Fig. 1) . The yield was about 27 mg from 4 kg of rice bran (a strain of Oryza sativa, Koshihikari). The purification procedures are summarized in Table 1 .
Partial Amino Acid Sequence of RNase Os Determined by Protein Chemistry Amino acid sequencing was performed with the RCM RNase Os. Since direct sequencing was unsuccessful, RCM RNase Os was treated with g-pyroglutamine aminopeptidase, then subjected to Edman degradation. We obtained the sequence from the 2nd residue from the N-terminus to the 42nd amino acid residue. RCM RNase Os was digested with lysylendopeptidase, then 5 peptides were obtained by reversed-phase HPLC. The amino acid sequences of these peptides are shown in Table 2 . By these procedures, we determined only partial amino acid sequences. Therefore, we tried to determine the complete sequence of RNase Os from the nucleotide sequence of the cDNA encoding RNase Os. Sequencing of cDNA and Determination of Amino Acid Sequence of RNase Os The Data Bank of Rice cDNA from panicle at the ripening stage (http://bank.dna.affrc.go. jp) was searched for the amino acid sequence obtained by protein chemistry, and a cDNA clone, E11124, which has been sequenced for 459 nucleotides from the 5Ј-side, corresponding to the stretch from the N-terminus to the 35th residue of RNase Os was found. We obtained the clone from MAFF DNA BANK. The clone had been inserted into pBluescript SK ϩ (Stratagene) at the Eco RI/Not I site. The nucleotide sequence of this clone was re-determined using M13rev, T7, Os1, Os2 and Os3 as primer as described in Fig. 2 and Table 3 by the dideoxy method of Sanger and Coulson.
24) The determined sequence indicated that the clone encodes 24 amino acid residues of a putative signal sequence and 193 amino acid residues from the N-terminus of RNase Os, though we corrected several apparent misreadings in the C-terminal part of the sequence [DDBJ/Gene Bank/EMBL accession No. AB052844 (BAB19805)].
To obtain a full-length sequence, we prepared a cDNA library from the roots of a strain of Oryza sativa, Yukihikari, by inserting into lZAPII. We screened the library with the Sal I/Not I fragment of E11124 as a probe. We found 12 positive clones in the first screening. By the second screening, we had 10 positive clones and one of them, clone No. 2, was inserted into pBluescript SK Ϫ by infecting Exassist helper phage. The sequencing of this clone is as described in Fig. 2 . We confirmed that the nucleotide sequence encodes the whole RNase Os. By this method, we could confirm that the nucleotide sequence of whole RNase Os consisted of 205 amino acid residues with 24 residues of putative signal sequence and a stop codon. The nucleotide sequence and amino acid sequence deduced from the nucleotide sequence are shown in Fig. 3 [DDBJ/Gene Bank/EMBL accession No. AB052842 (BAB19803)]. The molecular weight of RNase Os, 22578, well coincided with that obtained from SDS-PAGE. The amino acid composition of RNase Os deduced from the sequence is fairly consistent with the experimental data ( Table 4) .
After sequencing RNase Os, we found a new clone, C30227 (accession No. AU068419 and 068420) in the same 762 Vol. 24, No. 7 bank, which contained sequences encoding the N-terminal and C-terminal parts of RNase Os, respectively. Thus we obtained the clone from MAFF DNA BANK, sequenced this clone again, and found that it encodes the full-length of RNase Os. The sequence of the newly discovered clone was identical to that obtained from the cDNA library described above except for a silent mutation at position 733, from C to T. Thus we confirmed the result of the RNase Os sequencing. Therefore, clone C30227 was probably derived from the incomplete digestion at Not I [DDBJ/Gene Bank/EMBL accession No. AB052843 (BAB19804)]. In Fig. 4 , we compared the amino acid sequence of RNase Os and several S-RNases, S-like RNases and fungal RNases. RNase Os had two sequences characteristic of RNase T2 family enzymes, 1) CASI and CASII, thus it is a member of the RNase T2 family.
Comparison of the Amino Acid Sequence of RNase Os with Several S-RNases, S-like RNases, and Fungal RNases
The amino acid sequence of RNase Os was very similar to that of barley RNase, 10) the two having 157 identical amino acid residues. The phylogenetic relationship of RNase Os to the other RNase T2 enzymes was analyzed by the most likelihood method according to Adachi and Hasegawa. 34) In the tree thus obtained, RNase Os is most closely related to barley RNase as could be expected from the usual classification.
Expression of RNase Os from Yeast
Since the yield of RNase Os is very low, to obtain a large amount of enzyme for further research and confirm the results of sequencing we tried to express RNase Os from microbes. Some of the RNase T2 family such as RNase Rh from R. niveus 35) and RNase LE from tomato (Lycopersicon esculentum) 36) were effectively excreted from yeast cells by using an expression system in which the native signal sequence of RNase was replaced by a pre-pro-sequence of Rhizopepsin. Using the system described above, we tried to express RNase Os from yeast cells. The putative signal sequence of RNase was replace by the pre-pro-sequence of Rhizopepsin as described in Fig. 5 , and the recombinant was inserted into E. coli/yeast shuttle vector pYE-RNAP-2k at BamHI and Sal I sites. Since the cDNA sequence encoding RNase Os contains a Sal I site in the mRNA, the site was previously silently mutated. The yeast cells transformed by this vector excreted RNase Os. The recombinant RNase Os purified has a specific activity of 6040 units/mg which is higher than that of the native RNase Os with a yield of 2.63 mg/l. The specific activity of the recombinant RNase Os was about 150% that of the native enzyme. The N-terminal end of the purified enzyme was a mixture of SGSQDYDF-(40%) and ASGSQDYDF-(60%) indicating cleavage of the signal sequence at -3rd and -4th position. The results showed that the N-terminal pyroglutamyl residue in native RNase Os was not related to the enzyme activity.
Some Properties of RNase Os The molecular mass of RNase Os as estimated by SDS-PAGE was about 24 kDa. The optimum pH was 5.5. RNase Os was stable at up to 50°C for 20 min at pH 5.0. The enzyme activity decreased irreversibly at higher temperatures. 37) The base specificity of both sites could be estimated from the initial rates of hydrolysis of 16 dinucleoside phosphates as described. 37) That is, the comparison of the sum of v 0 values of GpYs, ApYs, CpYs and UpYs for an enzyme may have some correlation to the frequency of cleavage on the 3Ј-side of a given base in RNA hydrolysis (B1 site specificity), assuming the random distribution of four bases in RNA. Similarly, the sum of v 0 values of XpGs, XpAs, XpCs and XpUs may have correlated to those of the cleavage site on the 5Ј-side of a given base (B2 site specificity). 37) This kind of analysis was applied to RNase Os. The results are summarized in Table 5 . The data show that the base specificities of the B1 site and B2 site are GϾ ϾAϾCϾU and GϾAϾCϾU, respectively. Thus, for RNase Os GpG, then GpA bond is most susceptible in this order.
DISCUSSION
As shown in Fig. 4 , we found that RNase Os is a member of the RNase T2 family. The catalytic site of RNase Rh, 1) a typical RNase T2 enzyme, is known to consist of His46, His104, His109, Glu105 and Lys108 1) (RNase Rh numbering). In RNase Os, the corresponding amino acid residues are conserved. They are His38, His91 His96, Glu92, and Lys95. Thus, the reaction mechanism of RNase Os might be very similar to that of RNase Rh. Among the B1 base recognition sites which bind with the X base of the first-step reaction substrate, a dinucleoside phosphate (XpY) of RNase Rh, Tyr57 and Trp49 (RNase Rh numbering) are conserved in RNase Os as Tyr49 and Trp41, but Asp51 is replaced by Asn. This replacement was the same as that of tomato RNase LE which is a typical RNase S-like RNase. 4) The B2 site of RNase Rh which binds with Y base of XpY consists of Gln32, Pro92, Ser93, Asn94, Gln95 and Phe101. Among these amino acid residues, in RNase Os, the former two and last one are conserved as Gln11, Pro76, and Phe88, but the other three (Ser93, Asn94, Gln95) are replaced by Thr77, Leu78, and Ala79, respectively. These three residues are also conserved in many of the S-like RNases, such as RNase LE.
4) The presence of the Tyr17 residue in the B2 site was observed in RNase LE by X-ray crystallography.
39) The X-ray crystallographic data of RNase LE showed that the side chain of the Tyr residue is located in the space which had been occupied by the side chain of Gln95 in RNase Rh. 38) In RNase Os, this Tyr residue is conserved. Therefore, the structure of the B2 site of RNase Os is very similar to that of RNase LE and other S-like enzymes. These results could explain the similar base specificity of RNase LE 40) and RNase Os. The notation is the same as in Fig. 4 . The phylogenetic tree was made according to the most likelihood inference method developed by Adachi and Hasegawa. 34) The definition of the subsite of RNase Os is that proposed by Richards and Wycoff. 37) B1 and B2 sites are base recognition sites corresponding to base X and Y of dinucleosidephosphate substrate (XpY). The parameter ÍNpG is the sum of initial velocities of GpG, ApG, CpG and UpG. ÍGpN is the sum of initial velocities of GpG, GpA, GpC and GpU. Therefore, we could estimate the B1 base specificity from ÍGpN, ÍApN, ÍCpN and UpN. Similarly, we could estimate the base specificity of B2 by comparison of ÍNpG, ÍNpA, ÍNpC and ÍNpU. Initial rates were measured at a substrate concentration of 20 mM. The enzyme concentration used was 29-290 nM, and expressed as a percentage of that of GpG as 100.
